Purpose: To describe the use of enhanced iris images and a computer software program to quantify ocular torsional changes associated with head tilt. Methods: Pixel coordinates of the pupil and different iris landmarks were obtained manually using paint program from digital images of the right and left iris of 3 subjects with normal extraocular motility. Photographs of the right eye and of the left eye were taken in the straight-ahead position and at various degrees of right and left head tilt. A computer software program converted the x-and y-pixel coordinates into angles of rotation after averaging multiple points and determining the degree and the direction of torsion for each eye. The degree of head tilt was mathematically calculated from the digital images. The degree and the direction of ocular torsion were correlated with the degree and the direction of head tilt. Results: The average degree of head tilt was 27.5 degrees (from 8 to 43 degrees). The average intorsion of the lower eye per degree of head tilt was 0.61 degrees (from 0.54 to 0.65 degrees). The average extorsion of the higher eye per degree of head tilt was 0.56 degrees (from 0.43 to 0.60 degrees). The average ocular torsional changes strongly correlated with the degree of head tilt (correlation coefficient = 0.92). Conclusions: Computer-assisted iris pattern recognition and analysis of the ocular torsional changes associated with head tilt may provide a useful and objective means of assessing ocular torsion.
Introduction
Various methods have been suggested for evaluating torsional changes associated with extraocular motility abnormalities and with changes of head posture. These methods included the use of double Maddox rod, synoptophore, Lancaster red-green test, and analysis of the fundus for torsional changes. [1] [2] [3] [4] The Maddox rod testing results are subjective and require a cooperative patient who can understand the test. In addition, this test may not demonstrate subjective torsion in a patient with a congenital or early-onset ocular motility disorder.
We previously evaluated torsional changes associated with inferior oblique muscle surgery using iris landmarks. 4 This method showed promise for using digital imaging and iris pattern recognition to assess and measure torsion in uncooperative patients. In this study, we hypothesized that by comparing digital images of several iris landmarks we could calculate torsional changes associated with head tilt. We believe that this method might be valuable in evaluating pathological torsional changes associated with extraocular muscle abnormities. In this study, we described the use of iris images and a computer software program to quantify ocular torsional changes associated with head tilt in normal subjects. Our aim was to confirm that the direction and magnitude of torsional changes, as calculated with this method, is consistent with expected physiological torsional changes reported to be associated with head tilt.
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Methods
The study was performed with the approval of the Institutional Review Board of Baylor College of Medicine (protocol no. H-34646). Pixel coordinates of the pupil and key iris landmarks were obtained from digital images of the right iris and the left iris of 3 healthy subjects with normal ocular motility examinations. All subjects were orthophoric at distance and near and in all 9 positions of gaze. Double Maddox rod testing was performed and revealed no subjective torsional abnormalities in either eye in all subjects. An iPhone 6s, mounted on the right ocular of a slit lamp, was used to acquire digital images of the anterior segment of both eyes of each subject ( Figure 1 ). Images were obtained with the head erect and in right and left head tilt. Subjects were asked to look at a fixating target at all times while being imaged. A comparison was made between the images taken at the erect head position with images being taken within 5 seconds of the initiation of the head tilt. Figure 2 demonstrates the method used to calculate the degree of head tilt. In summary, the degree of head tilt was determined by calculating the mathematical angle between a perfect vertical line and a line drawn between the inner and outer canthus of the tested eye ( Figure 2 ). Figures 3 and 4 demonstrate the method of calculating ocular torsion. A minimum of 3 distinct iris landmarks were identified for each eye (Figure 2A to C). Each image was copied into a paint program and the x-and y-coordinates of each landmark were determined applying the cursor over the pixels corresponding to each landmark. Calculating the degree and direction of torsion based on these coordinates, manually, would have been a complex mathematical task, as this would have entailed using trigonometry to convert the xand y-coordinates into polar coordinates relative to the interpupillary axis. This should have been followed by subtracting the angle obtained in the straight-ahead position from the angle obtained with head tilt to determine the degree and direction of torsion, after averaging multiple points.
To facilitate this complex mathematical task, a proprietary computer software program was designed to convert the x-and y-pixel coordinates into polar coordinates, average the 3 iris landmarks, and calculate both the degree and the direction of torsion for each eye (Figure 4) . The degree and direction of ocular torsion were then correlated with the degree and direction of head tilt.
Results
Intorsion of the lower eye and extorsion of the higher eye were present in all patients and with all degrees of head tilt, as expected. The average degree of head tilt evaluated was 27.5 degrees (from 8 to 43 degrees). The average intorsion of the lower eye per degree of head tilt was 0.61 degrees (from 0.54 to 0.65 degrees). The average extorsion of the higher eye per degree of head tilt was 0.56 degrees (from 0.43 to 0.60 degrees). The average ocular torsion associated with a given head tilt was strongly correlated (correlation coefficient = 0.92; Figure 5 ).
Discussion
Current methods for clinically evaluating ocular torsion include double Maddox rod, synoptophore, the Lancaster red-green test, and examination of the ocular fundus. [1] [2] [3] [4] Calculating the torsional changes associated with extraocular muscle abnormalities in children and uncooperative patients can be challenging. The use of enhanced iris images has been used before to calculate torsional changes associated with inferior oblique muscle surgery. 4 In this study, we evaluated the use of enhanced iris images and a proprietary computer software program to precisely calculate torsional changes associated with head tilt in 3 healthy adult subjects at various degrees of head tilt based on changes in the position of unique iris landmarks. Our results demonstrated that using this method was consistent with the physiologically known direction of torsion associated with head tilt.
Our results demonstrated intorsion of the lower eye and extorsion of the higher eye in all subjects with any degree of head tilt to the right or left. This is consistent with the well-documented ocular counterolling, [5] [6] [7] [8] [9] suggesting that using iris landmarks can be useful to quantify the ocular tilt response. Our results demonstrated that the degree of ocular torsion associated with a head tilt ranges from 0.45 to 0.63 per degree of head tilt. Our study demonstrated a larger degree of ocular torsion associated with head tilt than has been previously reported. [6] [7] [8] [9] [10] [11] The degree of correlation of ocular torsion with the degree of head tilt remains unsettled. Various studies have reported an average ocular torsion ranging from 10% to 27% of the degree of head tilt. [6] [7] [8] [9] [10] [11] Most published studies, however, evaluated ocular torsion at 3 fixed and predetermined large degrees of head tilt. In our study, by contrast, the degree of head tilt for each subject was randomly assigned and included both moderate and very small degrees of tilt (the smallest was 8 degrees). Also, our study did not include higher degrees of head tilt, more than 45 degrees, as these were hard to reproduce and maintain and were considered unphysiological. Larger degrees of head tilt, included in the other studies, are thought to lead to lesser degrees of ocular rotation, 7 with expected subsequent less average overall ocular rotation associated with the head tilt.
Although our method measures relative changes of torsional eye position, it has the advantage of potentially being used to determine pathological changes secondary to cyclovertical muscle palsies.
Multiple other studies have used similar hypothesis to determine ocular counterrolling. [12] [13] [14] Compared with ours, however, most of these methods, require sophisticated environment that cannot be easily used or reproduced in a simple clinical setting.
One weakness of this study is the small number of healthy subjects tested. The main purpose of this study, however, was to simply test the applicability and reliability of this method to determine the physiologically expected direction of torsion associated with head tilt. Further studies with a larger sample size will be needed to look into the possibility of using this method in diagnosing pathological torsional changes associated with cyclovertical muscle palsy. Another limitation of this study is the inability to compare these results with known reliable objective or subjective methods to determine torsional changes associated with head tilt. None of the current methods for measuring torsional changes appears to be reliable or objective enough to consider as a reliable method for comparison. Also, it may be harder to use the iris pattern in extremely dark iris patients.
The use of iris images and our proprietary software program can be used to assess the degree of ocular torsional change associated with head tilt in healthy subjects. We hypothesize that our method may be useful in evaluating pathological torsional changes associated with extraocular muscle abnormalities. In summary, computerized iris pattern recognition and analysis of the ocular torsional changes associated with head tilt is feasible and may provide a useful objective means of assessing ocular torsion.
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